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Rhodium and Iridium Pyrazolato Blues**
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Since the first report in 1908, great progress[1] has been
made concerning the knowledge of the fascinating ªplatinum
bluesº. These cationic complexes generally exhibit a chain of
four platinum atoms of mixed valencies, and metal-metal
interactions. They also show antitumor activity.[2] The tetra-
nuclear chain is held together by an unsupported metal ±
metal bond between two dinuclear complexes. These invar-

iably display a face-to-face structure bridged by two ligands of
the type N-C-O (such as 2-pyridonate and related ligands; N
represents an endocyclic nitrogen) in a head-to-head arrange-
ment. This configuration contains two different platinum
centers; one of which is O,O-coordinated and the other N,N-
coordinated. Noticeably, the unsupported metal ± metal bond
is always formed between the O,O-coordinated platinum
atoms, which are the less hindered centers. Interdimer bond
formation between the N,N-coordinated platinum atoms has
never been observed. Furthermore, as already pointed out by
Matsumoto et al. ,[2] the synthetic methods for some antitumor
active blue compounds are not reproducible.

In contrast, related cationic compounds of the neighboring
metals are rare for gold[3] and unknown for iridium. On the
other hand, a range of oligomeric mixed-valence rhodium
complexes has been reported,[4a] based on electronic spectro-
scopy solution studies, but full characterization has been
carried out in only a few cases.[5] Closely related to this work is
an intensely colored [Rh4]6� species proposed by Gray et
al.,[4b] and shown to be a mixed-valence compound by Mann et
al.[5b] In all cases, the coordination planes in the metal chain
are almost parallel, which is the most sterically favorable
situation for the formation of oligomers. Once again, the
parent species are dinuclear complexes with face-to-face
arrangement or, alternatively, mononuclear compounds. Here
we describe a straightforward and reproducible reaction from
open-book dinuclear pyrazolato complexes, to form novel
tetranuclear iridium and rhodium blue compounds.

Beautiful blue, EPR-silent solutions are obtained by mixing
equimolecular amounts of the recently reported[6] yellow
complexes [{Rh(m-pz)(CNtBu)2}2] (1) and [{Rh(m-pz)-
(CNtBu)2(NCMe)}2](PF6)2 (2), from which crystals of the
new tetranuclear ªrhodium blueº complex [{Rh(m-pz)-
(CNtBu)2}4](PF6)2 (3) were isolated (Figure 1; pz� pyrazola-
to). Alternatively, complex 3 can be obtained by oxidation
of 1 with [FeCp2]PF6 (in a 1:1 molar ratio) in acetonitrile,
and recrystallization of the crude solid from acetone/diethyl
ether.

Figure 1. Molecular representation of the cation in the tetranuclear
complex [{Rh(m-pz)(CNtBu)2}4](PF6)2 (3). Only one group of atoms has
been drawn for the disordered ligands. Selected bond lengths [�] and
angles [8]: Rh(1)ÿRh(2) 2.721(4), Rh(2)ÿRh(3) 2.713(4), Rh(3)ÿRh(4)
2.723(4), RhÿN 1.99(3) ± 2.13(3), RhÿC 1.84(3) ± 1.97(4); Rh(1)-Rh(2)-
Rh(3) 165.51(14), Rh(2)-Rh(3)-Rh(4) 167.17(15), Rh-C-N 172(3) ± 179(3),
C-N-C 159(4) ± 176(4).
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The crystal structure of 3, determined by single-crystal X-
ray diffraction, reveals tetranuclear cations together with PFÿ6
anions and solvent molecules.[7] Each tetranuclear complex is
composed of two pyrazolato-bridged dinuclear [(CNtBu)2Rh-
(m-pz)2Rh(CNtBu)2] moieties linked through a nonsupported
metal ± metal bond (2.713(4) �). The two dinuclear moieties
show the usual boat conformation for the Rh(m-pz)2Rh
group,[6] with dihedral angles of 49.4(9) and 48.2(8)8 between
the two rhodium coordination planes and RhÿRh bond
lengths of 2.721 and 2.723(4) �. Interestingly, the two
dinuclear moieties are arranged in a staggered conformation
with respect to each other (N(4)-Rh(2)-Rh(3)-N(5) torsion
angle 137(1)8), which allows the two metals to form the
unsupported Rh(2)ÿRh(3) bond. The three metal ± metal
bonds in the crystal structure are almost linear, with
intermetallic bond angles of 165.5(2) and 167.2(2)8, analogous
to those reported for the tetrameric platinum blue compounds
[(NH3)2Pt(C5H5N2O2)2Pt(NH3)2]5�

2 (164.81 and 165.02(5)8)
and [(en)Pt(C5H4NO)2Pt(en)]5�

2 (164.33(3)8)[8] (en� ethyl-
enediamine). Moreover, the related mixed-valence cation
[RhII

2 RhI(s-pqdi)4(pqdi)2]� (s-pqdi� 9,10-phenanthrosemiqui-
nonediimine, pqdi� 9,10-phenanthroquinonediimine) exhib-
its[5c] an unbridged trinuclear linear metal chain with very
similar intermetallic separations (av 2.754(2) �), although in
this case, the electronic interactions between the chelating
ancillary ligands lead to an eclipsed conformation of the
square-planar environment of the metal atoms.

Interestingly, NMR studies show that when the rhodium(i)
and rhodium(ii) complexes 1 and 2 are mixed, a fast
equilibrium on the NMR time scale is formed with the
cationic tetranuclear species A, which contains an additional
acetonitrile ligand coordinated at an axial position
(Scheme 1). Thus, a concentrated and cold blue solution of
the mixture in [D6]acetone shows four signals in the 13C{1H}
NMR spectrum for the C3 and C5 atoms and two signals for
the C4 atom of the pyrazolate ligands, corresponding to A.
However, a NOESY NMR spectrum indicates exchange of all
the isocyanide and pyrazolate ligands, and they become
equivalent in a diluted blue solution. Consequently, three
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Scheme 1. Postulated chemical equilibrium for the formation of the
tetranuclear adducts A. L� acetonitrile, M�Rh, Ir.

averaged signals, two for the pyrazolate and one for the
isocyanide ligands, are observed at room temperature in the
1H NMR spectrum. The dramatic influence of the concen-
tration on the rate of exchange supports the assumption of an
intermolecular process, and the exchange agrees with the
proposed chemical equilibrium (Scheme 1). In contrast to the
reported cleavage of {[Rh(MeCN)4](BF4)1.5}1 into defined
valence species when dissolved,[5a] it is remarkable that our
tetrarhodium chain persists in the blue solutions. The
formation of the unusual adduct A probably arises from the
lability of the nitrile ligands in 2 along with the nucleophilic
character of the rhodium centers in 1. Moreover, the
tetrametallic chain results from a redox-condensation reac-
tion, so that the four metal atoms each possess a formal
oxidation state of 1.5. Delocalization of the metal ± metal
bond through the four metal atom chain would account for the
intense color. Coordination of a ligand (acetonitrile or the
donor solvent) at the free axial position should break the
unsupported RhÿRh bond to regenerate the starting dinu-
clear complexes. Internal electron transfer in the tetrametallic
chain, however, facilitated by the metal ± metal bond deloc-
alization, results in the interconversion of [{Rh(m-pz)-
(CNtBu)2}2] and [{Rh(m-pz)(CNtBu)2(NCMe)}2](PF6)2 upon
cleavage, as observed for the fluxional process.

Addition of iodide to the blue solutions leads to a yellow,
equimolecular mixture of 1 and [{Rh(m-pz)(I)(CNtBu)2}2], in
which the tetrametallic chain is not regenerated. Therefore, at
least one labile ligand trans to the metal-metal bond in the
RhII complex is required to bring about the above-mentioned
condensation.

In a similar way, beautiful purple, EPR-silent solutions can
be obtained by mixing the iridium complexes [{Ir(m-pz)-
(CNtBu)2}2] (4) and [{Ir(m-pz)(CNtBu)2(NCMe)}2](PF6)2 (5).
The spectroscopic properties of the blue rhodium complex
and purple iridium complex in solution are similar. Thus, the
1H NMR spectrum of the latter shows three averaged
resonances for the pyrazolate and isocyanide ligands even at
low temperature, indicative of a faster rate of exchange than
for the rhodium-containing solution. In addition, the purple
solutions are extremely air- and light-sensitive. In close
analogy to the rhodium species, these purple solutions of the
iridium complex can also be obtained by oxidation of 4 with
[FeCp2]PF6 (in a 1:1 molar ratio) in acetonitrile. Oxidation of
4 with iodine (in a 1:0.5 molar ratio) yields a neutral red
complex [{(CNtBu)2(I)Ir(m-pz)2Ir(CNtBu)2}2] (6) which con-
tains a tetrairidium chain, similar to that found for [{Rh(m-pz)-
(CNtBu)2}4]2�. In fact, the molecular structure of 6 (Fig-
ure 2)[9] is analogous to that observed for the cationic rhodium
complex 3, but contains two additional iodine atoms bonded
to the terminal metal centers. Most of the geometric
descriptors are similar for both structures: staggered con-
formation of the dinuclear [(CNtBu)2Ir(m-pz)2Ir(CNtBu)2]
moieties (131.0(3)8), parallel arrangement of the internal
metal coordination planes (6.8(3)8), and an almost linear
metal chain (166.56(2)8). However, the presence of the
terminal iodide ligands significantly affects the metal ± metal
separation. Thus, while the pyrazolate-bridged Ir(1)ÿIr(2)
bond distance of 2.7268(7) � is identical to the mean value in
3 (2.722(4) �), the internal unsupported IrÿIr separation is
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Figure 2. Molecular representation for the tetranuclear iridium complex
[{(CNtBu)2(I)Ir(m-pz)2Ir(CNtBu)2}2] (6). Only one moiety has been drawn
for the disordered CNtBu ligands. Selected bond lengths [�] and angles [8]:
Ir(1)ÿIr(2) 2.7268(8), Ir(2)ÿIr(2') 2.8037(10), Ir(1)ÿI 2.8907(10),
Ir(1)ÿN(1) 2.081(8), Ir(1)ÿN(3) 2.058(8), Ir(2)ÿN(2) 2.109(7), Ir(2)ÿN(4)
2.099(7), IrÿC 1.870(9) ± 1.896(8); Ir(1)-Ir(2)-Ir(2') 166.57(2), I-Ir(1)-Ir(2)
159.04(3), Ir-C-N 172.1(12) ± 178.8(9), C-N-C 147.3(11) ± 170.2(12). Primed
atoms are related by the symmetry transformation 2ÿ x, y, 1/2ÿ z.

elongated to 2.8038(8) �. This situation has also been
reported for the closely related complex [{(CO)2(I)Ir(m-
btzt)2Ir(CO)2}2] (btzt� benzothiazol-2-thiolate),[10] which has
a face-to-face arrangement of the coordination planes in a
head-to-head configuration, with intermetallic separations of
2.731(2) � (ligand-bridged) and 2.828(2) � (unsupported
bond).

An extended Hückel molecular orbital (EHMO) calcula-
tion[11] fully supports the proposed stabilization of the
unsupported metal ± metal bond, and therefore the formation
of the tetranuclear blue complexes. Figure 3 shows a qual-
itative MO diagram of the metal ± metal bonding system

Figure 3. Qualitative fragment MO diagram for the metal ± metal bonding
system.

calculated from the interaction of two dinuclear d7 ± d7 and
d8 ± d8 fragments, under the assumption of the geometry in 3.
Mixed-valence condensation gives rise to a fractional oxida-
tion state for all metal centers. Partial filling of the frontier
orbitals s3 and s4 appears to be essential for the stabilization
of these tetranuclear complexes, as shown for the platinum

blue compounds, in which these MO orbitals are fully (s3) and
partially (s4) occupied.[12]

In summary, tetrametallic chains of rhodium and iridium
with unsupported metal ± metal bonds and fractional oxida-
tion states, analogous to the platinum blue compounds, have
been obtained. These chains are stable enough to persist in
solution, and form even though the starting dinuclear com-
plexes do not present the most favorable steric requirements
for an unsupported metal ± metal bond. To generate the
tetranuclear chain, a noticeable deformation of the environ-
ments of the inner metal atoms must occur. This observation
illustrates the greater influence of electronic over steric
effects on the formation of this type of rhodium and iridium
blue compounds.
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Homoallyl-Substituted Vinylcyclopropanes
from a,b-Unsaturated Ketones and Allylindium
Derivatives**
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Murray, Torren M. Peakman, and Kenneth E. Walsh

Organoindium species are of particular appeal as reagents
for organic synthesis because they are often stable under
aqueous and even mildly acidic conditions and are compatible
with many organic functional groups.[1] Allylindium sesqui-
halides (allyl)3In2X3 and dihalides (allyl)2In2X4 1, prepared by
the reaction of allyl halides with indium metal[2] or indium

halides,[3] react smoothly with aldehydes and ketones[4] 2 via
transition states of the Zimmermann ± Traxler type to afford
indium alkoxide intermediates 3 (Scheme 1). Hydrolysis
yields homoallylic alcohols 4.[5] Here we report on the
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Scheme 1. Reaction of allylindium sesquibromide 1 with ketones 2 to give
3 and 4 via a Zimmerman ± Traxler transition state.

reaction of 1 with a,b-unsaturated ketones or aldehydes 5 to
produce homoallylic indium alkoxide intermediates 6, which
can be induced to undergo a deoxygenative rearrangement
that results in vinylcyclopropane derivatives of type 7
(Scheme 2).

In initial experiments, dibenzylideneacetone 5 a was al-
lowed to react under nitrogen with freshly prepared
(C3H5)3In2Br3 (1) in anhydrous THF at 25 8C (5 a :In� 1:1).
After the mixture was diluted with Et2O, worked up with
1m HCl, and subjected to column chromatography, we
obtained analytically pure 7 a in yields of 40 ± 60 %.[6] Thus,
a reaction took place that did not lead to 8 a, but instead
resulted in cleavage of the C ± O bond. Presumably this
involved coupling between the allylindium moiety (C(4) ±
C(6)) in 6 a and the C(3) terminus of the initially transferred
allyl group (C(1) ± C(3)) to afford the homoallyl-substituted
vinylcyclopropane derivative 7 a. The overall reaction there-
fore involves deoxygenative sequential transfer of six carbon
atoms (two allyl moieties) from the indium sesquihalide
species 1 to the a,b-unsaturated ketone 5 a. A three-mem-
bered ring is formed by linkage of the carbonyl carbon atom
with C(1) and C(2) of the first allyl unit. After many
experiments it became clear that removal of the THF[7]

(which presumably stabilizes the intermediate) and exposure
of the crude product to air in an acidic medium[8] (which may
induce homolysis of the C ± In bond, possibly by insertion of
O2) is essential for efficient and reproducible diversion of 6 to
7 rather than to 8.

We suspected that rearrangement of 6 to 7 might involve
the reaction of CH2�CHCH2In(L)x with aerobic oxygen to
afford an intermediate of the type CH2�CHCH2(O)nIn(L)x

(n� 1,2). The following experiments were performed to
circumvent the requirement of exposure to air. One equiv-
alent of (C3H5)2In2I4, in which each indium atom bears only
one allyl group, was allowed to react with 5 a (THF, 25 8C,
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